Abstract. To reveal the intracellular signal transduction molecules involved in granulosa cell apoptosis in porcine ovarian follicles, we cloned the porcine Fas-associated death domain (FADD), an adaptor protein for the cell death receptor, and procaspase-8, an initiator caspase. Porcine FADD (pFADD) was 636 bp (211 amino acids: aa) long and showed 74.0 and 65.4% homology with human and murine FADD, respectively. Porcine procaspase-8 (pprocaspase-8) was 1,431 bp (476 aa) long and 70.6 and 63.4% homologous with human and murine procaspase-8, respectively. To confirm the apoptosis-inducing abilities, we constructed pFADD and pprocaspase-8 cDNA expression vectors with enhanced green fluorescence protein (EGFP) and then transfected them into human uterine cervix tumor (HeLa-K), human granulosa cell-derived (KGN), murine granulosa-derived tumor (KK1), and porcine granulosa cell-derived (JC410) cells. When pFADD and pprocaspase-8 were overexpressed, cell death was induced in these transfected cells. However when caspase-inhibitor p35 was cotransfected, cell death was inhibited. The pFADD and pprocaspase-8 genes are well conserved, as are the physiological functions of their products. Key words: Apoptosis, Caspase-8, Fas-associated death domain (FADD), Granulosa cell, Porcine ovary (J. Reprod. Dev. 53: [427][428][429][430][431][432][433][434][435][436] 2007) poptosis is an important phenomenon involved i n c e l l s u r v i v a l a n d / o r d e a t h d u r i n g differentiation and development [1, 2] . The death ligand and receptor systems are considered to be apoptosis-inducing factors [3] [4] [5] [6] [7] . Death receptors, which belong to the tumor necrosis factor (TNF) receptor family, are membrane-binding proteins with a death domain (DD) in their intracellular regions. An adaptor protein, such as Fasassociating death domain protein (FADD), which has a DD in the C-terminal region and a death effector domain (DED) in the N-terminal region, is recruited when each specific ligand binds to its r e c e p t o r [ 8 -1 0 ] . T h e n , F A D D b i n d s w i t h procaspase-8 (also called FLICE), which has two DEDs in the N-teminal region [11, 12] . These molecules compose the death-inducing signaling complex (DISC). As a result of the proteolytic autoactivation of procaspase-8 [13], subunit protein 18 (p18) and 11 (p11) are released into the cytoplasm and reform a proteolytic component that c l e a v e s m a n y s u b s t r a t e p r o t e i n s , s u c h a s
d o w n s t r e a m c a s p a s e p r o c a s p a s e -3 a n d mitochondrion stimulator Bid. Thus, FADD and caspase-8 are key molecules in the intracellular apoptosis signal-inducing system.
In mammalian ovaries, more than 99% of follicles degenerate without ovulation, and follicular granulosa cell apoptosis plays a critical role in this process [14] [15] [16] [17] . Cell death ligand and receptor systems [such as the Fas ligand (FasL)/Fas system and TNF relating apoptosis inducing ligand (TRAIL)/TRAIL-receptor system] mediate apoptosis during follicular aresia in porcine ovaries [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] . In porcine granulosa cells, apoptosis is regulated by a cell death ligand and receptor system, TRAIL/TRAIL-R, as follows [22] . (1) In healthy follicles, a sufficient amount of TRAILd e c o y r e c e p t o r 1 ( D c R 1 ) , w h i c h l a c k s a n intracellular DD, binds with TRAIL, and TRAILDcR1 inhibits TRAIL-death receptors (DRs) from binding. (2) In early atretic follicles, the amount of DcR1 on the cell membrane of granulosa cells decreases, and consequently, TRAIL binds with DRs. Activated DRs, DR4 and DR5, bind with FADD protein. Then, the apoptotic signal is transduced as described above. Recently, we found that cellular FLICE-like inhibitory protein (cFLIP) plays an anti-apoptotic role in the granulosa cells of healthy follicles in porcine ovaries [28] [29] [30] [31] . Two splicing variants, a short form (cFLIP S ) and a long form (cFLIP L ), were identified. The former consists of 2 DEDs and the latter consists of 2 DEDs and a pseudo-enzyme domain. These variants interact with both FADD and procaspase-8 and inhibit cell death receptor-mediated transduction of apoptotic signals.
In the present study, we cloned the porcine FADD (pFADD) and procaspase-8 (pprocaspase-8) genes based on a search of the pig Expressed Sequence Tag (EST) database, made comparisons with the human and murine homologues, and then determined the apoptosis inducing abilities of pFADD and pprocaspase-8 using human, murine, and porcine cell lines in order to reveal details regarding regulation of the apoptosis signaling system in porcine granulosa cells.
Materials and Methods

Cell culture
Human uterine cervical carcinoma-derived HeLa-K cells were cultured in Dulbecco's Modified Eagle's Medium (DMEM; Sigma-Aldrich, St. Louis, MO, USA) supplemented with 10% (v/v) fetal calf serum (FBS; Sigma) and 50 units/ml penicillinstreptomycin (Invitrogen, Carlsbad, CA, USA). Human ovarian granulosa tumor-derived KGN cells and murine ovarian granulosa tumor-derived KK1 cells were cultured in DMEM/F12 medium (1:1; Invitrogen) with 10% (v/v) FBS and 50 units/ ml penicillin-streptomycin. Porcine ovarian granulosa-derived JC410 cells were cultured in Medium 199 (Sigma) with 10% (v/v) newborn calf serum (NCS; Invitrogen), 2 µg/ml insulin (Sigma), and 50 units/ml penicillin-streptomycin.
Database search and DNA sequencing
We used the BLAST algorithm to search for the porcine homologues of human and murine FADD and procaspase-8 in the GenBank database [32] . EST clones (db8904657 for FADD [GenBank accession no. BI3 2504 ] and db9143 457 for procaspase-8 [GenBank accession no. BI336359]) were identified using a marker tag region, the DED domain, of human FADD and procapase-8, respectively. The nucleotide sequence of these clones was confirmed using an automatic DNA sequencer (ABI Prism 310; Applied Biosystems, F o s t e r C i t y , C A , U S A ) a c c o r d i n g t o t h e manufacturer's instructions. Multiple alignments of deduced amino acid sequences were performed using the simple modular architecture research tool (SMART) 4.1 (http://smart.embl-heidelberg.de/) and ClustalW programs (http://align.genome.jp/).
Preparation of expression vectors and transient transfection
Expression vectors were constructed to express pFADD and pprocaspase-8 in mammalian cell lines. Briefly, the pFADD and pprocaspase-8 open reading frames (ORFs) were amplified by polymerase chain reaction (PCR) from cDNA clones obtained from the porcine granulosa cells of healthy follicles as described previously [28] . The a m p l i f i e d O R F f r a g m e n t s o f p F A D D a n d pprocaspase-8 were inserted into pCAGGS vectors containing the cytomegalovirus (CMV) enhancer and β-actin promoter, respectively. The pCAGGS vector contains an enhanced green fluorescent protein (EGFP) sequence down-stream of the insert and a FLAG-tag sequence upstream of the ORF insert. The pFADD-EGFP and pprocaspase-8-EGFP connected with the internal ribosomal entry sites (IRES), respectively.
Cells plated on 24-well culture plates (Falcon, Franklin Lakes, NJ, USA) were preincubated in a CO2 incubator at 37 C for 18 h (5% CO2 in air; Sanyo, Osaka, Japan) and reached 60-80% c o n f l u e n c y . F o r t r a n s i e n t t r a n s f e c t i o n , Lipofectamine Plus Reagent (Invitrogen) was used f o r H e L a -K c e l l s a n d L i p o f e c t a m i n e 2 0 0 0 (Invitrogen) was used for KGN, KK1 and JC410 cells. Then, 0.4 µg/well of the plasmids for HeLa-K cells and 0.8 µg/well of the plasmids for KGN, KK1
and JC410 cells were transfected according to the manufacturer's instructions. As a negative control, empty vector containing EGFP (vector) was introduced into cultured cells. A baculovirusderived p35 gene was used to prevent spontaneous cell death. Twenty-four hours after transfection, the cells were observed under an inverted fluorescence microscope (IX71; Olympus, Tokyo, Japan) to evaluate the rate of transfection (the cells with EGFP fluorescence/all cells).
Western immunoblotting
To confirm the insertion of FLAG-tagged pFADD and pprocaspase-8 after 24 h of transfection, the cells were washed twice with phosphate-buffered saline (PBS; pH 7.4), treated with 10% (v/v) trichloro acid (TCA; Wako Pure Chemicals, Osaka, Japan) at 4 C for 30 min, and scraped off. These cells were then suspended in UTD buffer [9 M Urea (Wako), 2% (v/v) Triton X-100 (Sigma), and 1% (w/v) (±)-Dithiothreitol (DTT; Wako)] and 2% (w/ v) lithium dodecyl sulfate (Wako). The whole cell lysate was separated by 10-20% (w/v) gradient sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE; Wako) and then transferred onto polyvinylidene difluoride (PVDF) membranes (Millipore, Bedford, MA, USA). The PVDF membranes were stained with a 0.2% (w/v) Ponceau-S solution (Serva Electrophoresis, Heidelberg, Germany) at 25 C for 1 min and then immersed in blocking solution [20 mM Tris-HCl (pH 7.6), 137 mM NaCl, and 0.1% (v/v) Tween-20 containing 5% (w/v) skim milk (Sigma)] for 30 min. They were then incubated with mouse anti-FLAG monoclonal antibody (diluted 1:1,000 with blocking solution; Sigma) at 4 C for 18 h. After a wash with blocking solution, they were incubated with horseradish peroxidase (HRP)-conjugated goat anti-mouse IgG antibody (diluted 1:3,000 with blocking solution; GE Healthcare Bio-Sciences, Piscataway, NJ, USA) at 25 C for 1 h. Chemiluminescence was visualized using an ECL system (GE Healthcare Bio-Sciences) according to the manufacturer's direction, and then recorded with a digital fluorescence recorder (LAS-1000; Fuji Film, Tokyo, Japan).
Statistical analysis
ANOVA with Fisher's least significant differences test was carried out using the StatView-4.5 program (Abacus Concepts, Berkely, CA, USA) on a Macintosh computer. Differences of P<0.05 were considered significant.
Results and Discussion
Identification of the pFADD and pprocaspase-8 genes
A search for porcine DED motif-containing proteins in the GenBank EST database yielded one cDNA clone (db8904657). This clone encodes a DED similar to the DED of human and murine FADD. Then, we sequenced the ORF including this clone. The ORF for pFADD consisted of 636 bp (211 amino acids: aa) and contained a DED (1-81 st ; 81 aa) and DD (87-181 st ; 95 aa) at its C-terminus (Fig. 1A,  pFADD ; GenBank accession no. AY519264). The presumed amino acid sequence for pFADD had 74.0 and 65.4% identity with its human and murine counterparts, respectively (Fig. 1B) . The DED and DD of pFADD exhibited 85.2 and 75.3% and 74.7 and 69.5% homology with human and murine FADD, respectively. Interestingly, the 25 t h phenylalanine residue (F25), which is in the hydrophobic region, is well conserved and is considered to be of importance for mediating the interaction between the DEDs of FADD and caspase-8 [33] . Moreover, the 197 th serine residue (S197), which is a site of phosphorylation, is also well conserved in pFADD, and it affects sensitivity to apoptosis by interfering with cell cycle progression [34, 35] .
We found a cDNA clone (db9143457) and determined pprocaspase-8 ( Fig. 2A, pCaspase-8 ; GenBank accession no. AY519263) in the same manner as for pFADD. The ORF of pprocaspase-8 consisted of 1431 bp (476 aa). The full-length ORF exhibits 70.6 and 63.4% identity with human and murine procaspase-8, respectively. Procaspase-8 contained 2 DEDs (DED1: th , 80 aa, DED2: 99- th serine residue (S197), which is involved in the cell cycle, is indicated by a closed circle. th , 80 aa) and a proteolytic enzyme, caspase domain. The homology of DED1 and DED2 with human and murine procaspase-8 was 87.5 and 67.5% and 73.8 and 63.8%, respectively. As in pFADD, the 24 th phenylalanine residue (F24) in pprocaspase-8 was also well conserved in DED1 (Fig. 2B) . Procaspase-8, an inactive precursor that is activated by cleavage at aspartic acid residues by inter-and/or intramolecular catalytic activity [35] , consists of 3 regions, a prodomain, subunit p18 (17.5 kDa), and subunit p11 (10.5 kDa) [13, 35] . Subunit p18 (232-381 st : 150 aa) exhibited 67.3 and 6 8 .0 % h om o l o g y w i t h h u ma n a nd m u r i n e procaspase-8, respectively. Subunit p11 (393-476 th : 8 4 a a ) s h o w e d 8 6 . 9 a n d 7 6 . 2 % h o m o l o g y , respectively. The putative cleavage site (223 rd aspartic acid residue; D223) located next to subunit p18 was highly conserved, and the amino acid residues from the 389 th leucine (L389) to 392 nd aspartic acid residue (D392), located between subunits p18 and p11, were completely conserved. The histidine (H324), glycine (G325), and cysteine (C367) residues were also completely conserved in porcine, human, and murine procaspase-8 and are considered to be essential for its catalytic activity.
Apoptosis inductivity
As above described, pFADD and pprocaspase-8 were highly homologous with their human counterparts. We examined whether they have the ability to induce apoptosis in a human tumorderived cell line, HeLa-K. The expression of both proteins was confirmed by western blotting. As shown in Fig. 3 , the pFADD and pprocaspase-8 proteins were detected in extracts prepared from cells transfected with pFADD and pprocaspase-8, respectively. The viability of the transfected cells, EGFP-positive cells, was examined under a microscope. Overexpression of pFADD and pprocaspase-8 induced cell death in the HeLa-K cells. To date, we have investigated the follicular atretic mechanisms of follicular atresia in porcine ovaries [18] [19] [20] [21] [22] [26] [27] [28] [29] [30] [31] and have shown that g r a n u l o s a c e l l a p o p t o s i s i s a d o m i n a n t phenomenon in follicular atresia. Therefore, we examined whether overexpressed pFADD and pprocaspase-8 can induce apoptosis in the granulosa cells of human, murine, and porcine origin (KGN, KK1 and JC410, respectively). As shown in Fig. 4 , overexpressed pFADD and pprocaspase-8 induced cell death in these transfected cells.
Interestingly, cotransfection with p35, a baculovirus-derived caspase inhibitor that acts as a pseudosubstrate for caspases, prevented apoptosis i n t h e c e l l s t r a n s f e c t e d w i t h p F A D D o r pprocaspase-8, suggesting that pFADD and pcaspase-8 have the ability to induce apoptosis in human cells (Figs. 3 and 4) . Baculovirus-derived p35 directly binds with activated caspases and inhibits apoptosis [36, 37] . Thus, it can prevent apoptosis induced by the TNF/TNFR and FasL/ Fas systems [38] .
We previously reported that death ligand/ receptor systems act as initiators of apoptosis in porcine granulosa cells [22, 30, 31] and showed that an intracellular inhibitory protein, cFLIP, inhibits apoptosis in granulosa cells by binding with the D E D o f F A D D a n d / o r p r o c a s p a s e -8 a n d interrupting the recruitment of procaspase-8 to FADD [29, 30] . In the present study, we showed that both the molecular construction and function of apoptotic signaling factors are highly conserved. FADD is expressed in healthy, early atretic, and progressed atretic follicles in porcine ovaries. Activated caspase-8 is not expressed in healthy follicles but is highly expressed during atresia (unpublished data). We presume that the DED of FADD and/or procaspase-8 interacts with the DED of cFLIP in healthy follicles to inhibit apoptotic signal induction and that after the disappearance of cFLIP in early atretic follicles, procaspase-8 can recruit FADD and be activated by auto-proteolytic cleavage. Activated caspase-8 transduces apoptotic signals to downstream factors and results in apoptosis.
In conclusion, we identified pFADD and pprocaspase-8 genes, and confirmed their ability to induce apoptosis. Their molecular construction and physiological functions are highly conserved among species. These results will help to clarify the mechanisms of follicular atresia in porcine ovaries. 
